We present the first proteomic analysis on the cellular response to severe acute respiratory syndrome-associated coronavirus (SARS-CoV) infection. The differential proteomes of Vero E6 cells with and without infection of the SARS-CoV were resolved and quantitated with twodimensional differential gel electrophoresis followed by ESI-MS/MS identification. Moreover isotope-coded affinity tag technology coupled with two-dimensional LC-MS/MS were also applied to the differential proteins of infected cells. By combining these two complementary strategies, 355 unique proteins were identified and quantitated with 186 of them differentially expressed (at least 1.5-fold quantitative alteration) between infected and uninfected Vero E6 cells. The implication for cellular responses to virus infection was analyzed in depth according to the proteomic results. Thus, the present work provides large scale protein-related information to investigate the mechanism of SARS-CoV infection and pathogenesis.
A new type of coronavirus was reported as the causal agent of severe acute respiratory syndrome (SARS) 1 in April 2003, and the genome of the SARS-CoV was sequenced by several groups (1) (2) (3) . The properties of the SARS-CoV genome was analyzed in depth by bioinformatic tools (4, 5) . In addition, several important works on the proteins of SARS-CoV have been reported recently, including the identification of SARSCoV 3C-like protease structure (6) and the identification of angiotensin-converting enzyme 2 as a functional receptor for the spike protein (7) . In our recent work, we identified all of the predicted SARS-CoV structural proteins, nucleocapsid (N), membrane (M), spike (S), and envelope (E), using proteomic approaches and found a novel protein, SARS-CoV 3a (8, 9) .
To uncover the mechanisms of cellular responses to the virus infection and identify potential drug targets of antiviral treatment, it is very useful to study the molecular profiling of virus-infected cells with high throughput and quantitative approaches. Analysis of gene expression profiles during viral infection is one of the powerful approaches to probe potential cellular genes involved in viral infection and pathogenesis (10) . The recent development of proteomic analytic technology such as differential gel electrophoresis (DIGE) (11, 12) and ICAT (13, 14) also provides new tools for such studies.
As a method based on two-dimensional (2D) electrophoresis, DIGE allows two or three independent samples labeled with different fluorescent dyes such as cyanine-2 (Cy2), cyanine-3 (Cy3), and cyanine-5 (Cy5) to be run in one gel simultaneously and viewed individually using the different fluorescent properties of Cy2, Cy3, and Cy5, circumventing some of the reproducibility problems associated with 2D electrophoresis and providing more accurate quantitative information compared with other staining methods such as silver staining with the dynamic range over 3-4 orders of magnitude (11, 12) . More recently, the combination of stable ICAT, LC, and MS/MS has emerged as an alternative gel-free quantitative proteomic technology (13, 14) . In ICAT analysis, two pools of proteins are labeled respectively with isotopically light and heavy ICAT regents, which are chemically identical and therefore serve as a good internal standard for accurate quantification. Although LC-MS provides quantitative information based upon the relative abundances of the heavy and light peptides, LC-MS/MS provides qualitative information based upon the peptide molecular mass and amino acid sequence information. These two technologies have been proved to be complementary for a comprehensive comparative proteomic analysis (15, 16) . ICAT analysis showed a clear bias for proteins with high molecular mass, whereas the 2D electrophoresis or DIGE method could separate proteins in certain low molecular mass ranges and also identified cysteine-free proteins that were transparent to the ICAT analysis. Moreover ICAT analysis quantifies the sum of the protein species of one gene product, whereas the 2D electrophoresis or DIGE method quantifies at the level of resolved protein species, including post-translationally modified and processed polypeptides.
In the present work, systematic analyses of the proteome of SARS-CoV-infected cells were performed using 2D-DIGE followed by electrospray mass spectrometry identification and ICAT technology coupled with 2D-LC-MS/MS. Using these two complementary methods, the differentially expressed proteome profiles between Vero E6 cells with and without virus infection were created, and a total of 355 proteins or protein spots were identified and quantitated. Further analysis of these data provides the clues for understanding the infection and pathogenesis of the SARS-CoV and the virus-host interactions.
EXPERIMENTAL PROCEDURES
Materials-Analytical reagent grade chemicals were used throughout unless otherwise stated. Water was prepared using a Milli-Q water purification system (Millipore, Bedford, MA). Chemicals used for gel electrophoresis were purchased from Bio-Rad. Cy2, Cy3, Cy5, Precast IPG dry strips, pH 3-10 non-linear, and ECL PLUS Western blotting detection regents were purchased from Amersham Biosciences. Formic acid and guanidine hydrochloride were obtained from Sigma. HPLC grade ACN was from Fisher. Sequencing grade trypsin was obtained from Promega (Southampton, UK).
Cell Culture, Virus Infection, and Sample Preparation-African green monkey kidney cells (Vero E6, ATCC) were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen) at 37°C in 5% CO 2 .
For virus infection, Vero E6 cells were treated with the DMEM (2% FBS) containing SARS-CoV virions (BJ-01 isolate, provided by Academy of Military Medical Sciences) for 1 h. The virus medium was removed after the infection, and the infected cells were cultured in DMEM with 2% FBS at 37°C in 5% CO 2 . 24 h postinfection, the cells were washed with PBS twice and then lysed with a lysis buffer containing 40 mM Tris base, 60 mM DTT, 8 M urea, 4% CHAPS. The mixture was centrifuged in a microcentrifuge for 5 min, and the supernatant was collected as the infected cellular sample. All the experiments using the virus were carried on in a biosafety Level 3 laboratory.
DIGE-For DIGE analysis, cellular samples were precipitated overnight with 5 volumes of 50:50:0.1 volumes of ethanol:acetone:acetic acid at Ϫ20°C and resolubilized in the lysis buffer (7 M urea, 2 M thiourea, 30 mM Tris-Cl, 4% CHAPS). The cell lysates (E6 or E6-V) were labeled with N-hydroxysuccinimidyl ester derivatives of the cyanine dyes Cy2, Cy3, and Cy5 (Amersham Biosciences) according to the manufacturer's guidelines. Typically 50 g of lysate were minimally labeled with 400 pmol of Cy2, Cy3, or Cy5, respectively. Differentially labeled samples were mixed (Cy2-labeled standard, Cy3-labeled E6, and Cy5-labeled E6-V for one gel; Cy2-labeled standard, Cy5-labeled E6, and Cy3-labeled E6-V for another gel). An equal volume of 2ϫ 2D sample buffer (7 M urea, 2 M thiourea, 4% CHAPS, 2% DTT, and 2% IPG buffer, pH 3-10 non-linear) was added to provide 65 mM DTT to reduce the labeled samples for 15 min at room temperature. Then the samples were subjected to 2D-PAGE in the dark. The DIGE gels were scanned using Typhoon Variable Model Imagels 9400 (Amersham Biosciences). DeCyder (Amersham Biosciences) software was used for image analysis.
In-gel Trypsin Digestion-Changes observed in 2D-DIGE images were aligned with Phastgel Blue R-stained protein patterns in preparative gels. Spots of interest were cut manually. Gel pieces were digested as described by Yu et al. (17) .
RP-HPLC-ESI-MS/MS Analysis-RP-HPLC was performed using a surveyor LC system (Thermo Finnigan, San Jose, CA) on a C 18 column (RP, 180 m ϫ 150 mm, BioBasic® C 18 , 5 m, Thermo HypersilKeystone). The pump flow rate was split 1:120 to achieve a column flow rate of 1.5 l/min. Mobile phase A was 0.1% formic acid in water, and mobile phase B was 0.1% formic acid in acetonitrile. The tryptic peptide mixtures were eluted using a gradient of 2-98% B over 60 min.
The mass spectral data shown here were acquired on an LTQ linear ion trap mass spectrometer (Thermo Finnigan) equipped with an electrospray interface operated in positive ion mode. The temperature of the heated capillary was set at 170°C. A voltage of 3.4 kV applied to the ESI needle resulted in a distinct signal. Normalized collision energy was 35.0. The mass spectrometer was set so that one full MS scan was followed by three MS/MS scans on the three most intense ions from the MS spectrum with the following Dynamic Exclusion TM settings: repeat count, 2; repeat duration, 0.5 min; exclusion duration, 2.0 min.
ICAT Analysis-ICAT analysis was performed using the Cleavable ICAT TM reagent kit (Applied Biosystems, Foster City, CA) according to the manufacturer's guidelines with some modifications. For ICAT analysis, the cellular samples were precipitated and resolubilized in denaturing buffer (6 M guanidine hydrochloride, 100 mM Tris-Cl, pH 8.3). 100 g of the E6 or E6-V protein sample in 80 l of denaturing buffer were reduced at 37°C for 2 h with 5 mM tributylphosphine (Bio-Rad) and alkylated at 37°C for 2 h in the dark with ICAT-light and ICAT-heavy reagent, respectively. The samples were digested with trypsin at 37°C for 20 h. Then the ICAT-labeled peptides were purified using the kit of ICAT TM Avidin Buffer Pack and Avidin Affinity Cartridge (Applied Biosystems) according to the manufacturer's guidelines.
2D LC-MS/MS-Orthogonal 2D LC-MS/MS was performed using a ProteomeX work station (Thermo Finnigan). The system was fitted with a strong cation exchange column (320-m inner diameter ϫ 100 mm, DEV SCX, Thermo Hypersil-Keystone) and two C 18 RP columns (180 m ϫ 100 mm, BioBasic C 18 , 5 m, Thermo Hypersil-Keystone). The salt steps used were 0, 25, 50, 75, 100, 150, 200, 400, and 800 mM NH 4 Cl synchronized with nine 140-min RP gradients. RP solvents were 0.1% formic acid in either water (A) or acetonitrile (B). The setting of the LCQ Deca Xplus ion trap mass spectrometer is as follows. One full MS scan was followed by three MS/MS scans on the three most intense ions from the MS spectrum according to the following Dynamic Exclusion settings: repeat count, 1; repeat duration, 0.5 min; exclusion duration, 3.0 min.
Data Base Searching-The acquired MS/MS spectra were automatically searched against the nonredundant human protein data base (NCBI (www.ncbi.nlm.nih.gov), December 4, 2003 release) using the TurboSEQUEST program in the BioWorks TM 3.1 software suite. For protein spot identification, an accepted SEQUEST result had to have a ⌬Cn score of at least 0.1 (regardless of charge state). Peptides with a ϩ1 charge state were accepted if they were fully tryptic and had a cross correlation (Xcorr) of at least 1.8. Peptides with a ϩ2 charge state were accepted if they had an Xcorr Ͼ2.5. Peptides with a ϩ3 charge state were accepted if they had an Xcorr Ͼ3.7. For ICAT analysis, protein identification and quantification were achieved by using SEQUEST and EXPRESS software tools. Peptides with a ϩ1 charge state were accepted if they were fully tryptic and had an Xcorr of at least 1.5. Peptides with a ϩ2 charge state were accepted if they had an Xcorr Ͼ2.0. Peptides with a ϩ3 charge state were accepted if they had an Xcorr Ͼ2.5. Then the confirmation of protein identification and quantification of the peptides was further analyzed manually as described by Han et al. (14) . Protein abundance ratios larger than ϩ1.5 or smaller than Ϫ1.5 (or 0.67) were set as a threshold indicating significant changes (18) .
Western Blotting-SDS-PAGE-separated proteins were transferred onto a nitrocellulose membrane (Protran, Schleicher & Schuell) on a Mini Trans-Blot Cell (Bio-Rad). The transferred membrane was blocked with 1ϫ NET-Gelatin (150 mM NaCl, 5 mM EDTA, pH 8.8, 50 mM Tris-HCl, 0.05% Triton X-100, 8.3% gelatin) at room temperature for 1 h and then was incubated with corresponding primary antibodies (anti-HSP90 (rabbit), Santa Cruz Biotechnology, 1:5,000; anti-␣-tubulin (mouse), Sigma, 1:600,000; anti-stathmin (rabbit), CalbiochemNovabiochem, 1:5,000; anti-vimentin (mouse), Sigma, 1:1,000) for 1 h at room temperature, and then the membranes were incubated with the corresponding secondary antibodies. After being detected with ECL PLUS (Amersham Biosciences) according to the manufacturer's instructions, the membrane was scanned using a Typhoon Scanner 9400 (Amersham Biosciences).
Bioinformatic Annotation-The theoretical pI and molecular mass values of proteins were defined by the program pepstats (www. hgmp.mrc.ac.uk/Software/EMBOSS). The protein function and subcellular location annotation was from the Swiss-Prot and TrEMBL protein data base (us.expasy.org/sprot/).
RESULTS

2D-DIGE Analysis of the SARS-CoV-infected and Uninfected Vero E6 cells-2D-DIGE
as a qualitative and quantitative proteomic approach was performed to determine the differential proteomes of the SARS-CoV-infected and uninfected Vero E6 cells. The lysate from infected cells was labeled with Cy5, whereas the lysate from uninfected cells was labeled with Cy3. After electrophoresis and imaging, the Cy3 and Cy5 images were false colored in red and green, respectively, and two images were overlapped (Fig. 1) . The biological Table I . Table I ). Among those proteins, 17 proteins (21 protein spots) were down-regulated, whereas 13 proteins (15 protein spots) were up-regulated by at least 1.5-fold in SARS-CoV-infected cells (Table I ). The identified protein spots with at least a 2.0-fold quantitative alteration in SARS-CoV-infected Vero E6 cells are listed in Table II . The differentially expressed proteins are involved in various functions including cytoskeleton, actin-associated network, metabolic enzymes, and signal transduction (Table II and Supplemental Table I ).
ICAT Analysis of the SARS-CoV-infected and Uninfected Vero E6 Cells-Recently a new proteomic approach, ICAT,
has been developed to quantitatively analyze the protein differential expression, which is faster than the gel method. In the present work, the ICAT method coupled to 2D-LC-MS/MS was used for quantitative comparison of differential proteome profiles between SARS-CoV-infected cells and uninfected cells. Cysteines were labeled with light ( 12 C) and heavy ( 13 C) ICAT reagent, and labeled peptides were affinity-purified using an avidin column. The resultant peptides were first frac- a Select list of the peptides with the best assignment scores for protein identification and quantification by ICAT analysis. C/C*, ICAT light/heavy reagent-labeled cysteine-including peptide, respectively.
b For heterogeneous nuclear ribonucleoproteins, ribosomal proteins, and translation factors, proteins with at least 1.5-fold alteration are listed. The MS and MS/MS spectra for identification and quantitation of these proteins are shown in Supplemental Figs. 4 -24. tionated with nine salt steps, and each step was further separated using a reverse phase column and analyzed with ESI-MS/MS. The relative quantitation of proteins in infected and uninfected cells was determined from the relative abundance ratio of labeled peptides. By this approach, the relative abundance of 322 proteins was measured (Supplemental Table I ). Individual peptide sequences and their probability scores for identification and quantitation of those proteins are listed in Supplemental Table II . Among these cellular proteins identified from the infected cells, 167 proteins had at least 1.5-fold quantitative alterations with 119 proteins up-regulated and 48 proteins down-regulated (Table I) . Some selected proteins with quantitative alterations are listed in Table III . In addition, two SARS proteins, M and S, were observed to be significantly increased in the infected cells (data not shown).
Comparison and Validation of the Quantitation of Differential Proteins-We used 2D-DIGE and ICAT methods to investigate the differentially expressed proteins in Vero E6 cells infected with SARS-CoV. These two methods are both more sensitive and accurate than traditional methods such as silver staining (data not shown). We further used Western blot assay to confirm the differential expression of the proteomes identified by those two methods. The Western blotting results showed that the ratios of four representative proteins, ␣-tubulin, HSP90, OP18 stathmin, and vimentin, between the infected and uninfected cells were in agreement with those obtained from 2D-DIGE or ICAT approaches (Fig. 2 and Supplemental Figs. 1-3) .
It was observed that the overall expression alterations were similar with both quantitative proteomic approaches, although only 15 differential proteins were identified by both 2D-DIGE and ICAT approaches (Table IV) . In addition, the DIGE method detected more isoforms of proteins than the ICAT approach did (Table IV) .
Subcellular Location and Function Classification of the Differential Proteins-In the present work, a total of 355 unique gene products of SARS-CoV-infected and uninfected cells were identified and quantitated with either the 2D-DIGE or ICAT method of which 186 proteins had at least 1.5-fold quantitative alterations (Table I and Supplemental Table I ). Among those 186 differentially expressed proteins, 60 proteins were down-regulated in infected cells, whereas 126 proteins were up-regulated. These proteins were further classified according to their subcellular locations (Fig. 3) . Interestingly, the up-regulated proteins in infected cells were mainly located in the nuclei (about 25%, see Fig. 3A ), whereas downregulated proteins distributed within the cells (Fig. 3B) .
Those 186 proteins with at least 1.5-fold differential expression were further classified according to their functions (Supplemental Table I ). Fig. 4 presents the functional categories of these proteins. In these identified SARS-CoV-infected cellular proteins, the enzymes, signal proteins, ribosomal proteins, and heterogeneous nuclear ribonucleoproteins (hnRNPs) consisted of about 45% of the total up-regulated proteins (Fig.   4A ). On the other hand, more than half of the down-regulated proteins of the infected cells were involved in the enzymatic reactions, signal transduction, immune responses, and actin networks (Fig. 4B) .
DISCUSSION
From the literature, very few studies have been performed to analyze the interaction between coronavirus and host cells with proteomic approaches. In the present work, we used two quantitative proteomic assays, DIGE and ICAT, to determine the differentially expressed protein profiles of SARS-CoVinfected and uninfected cells. It was noted that only a few proteins were identified by both DIGE and ICAT approaches, suggesting that these two methods are complementary to each other. In addition, the main difference of those two assays is that ICAT only determines the overall expression level, whereas DIGE can detect and quantitate protein isoforms in a gel. Although the DIGE method can detect protein isoforms possibly caused by post-translational modifications, it has limitations in identification of proteins with very high or low molecular weights, extreme acidic/alkaline proteins, and low abundance proteins. In our present work, 45 proteins that have a molecular mass greater than 100 kDa were identified among which only two proteins were detected by the DIGE approach. Moreover all 22 identified proteins with pI Ͼ 10 were contributed by the ICAT method (Supplemental Table I ). Concerning the capacity of the protein identification, the DIGE approach identified 48 unique proteins, whereas the ICAT approach obtained 322 proteins; the ICAT approach especially identified more signal proteins, which usually are low abundance proteins in a cell.
Based on the identified proteins in the present work, we can gain an overall insight into the altered protein expression of the host cell responding to SARS-CoV infection. Among the differentially expressed host proteins, many of them participated in viral RNA replication and translation (Tables II and III and Supplemental Table I ). It is known that positive-strand RNA viruses recruit normal components of host cellular RNA-processing or translation machineries for the viral RNA synthesis and protein synthesis (19, 20) . Our data here indicate that SARS-CoV virus uses a similar strategy when infecting the host cells. hnRNPs are described as a major group of nuclear RNAbinding proteins that function in transcription, RNA processing, mRNA translation, and turnover (21, 22) . In the present work, a total of eight kinds of hnRNP factors were identified to be up-regulated significantly in SARA-CoV-infected cells (Table III and Supplemental Figs. 4 -11) , suggesting that the virus requires the function of hnRNPs. Among these identified hnRNPs, hnRNP A1, hnRNP K, and poly(rC)-binding protein have been reported previously to participate in positive-strand virus genome replication. Moreover, the rest of the hnRNPs were described here for the first time to be involved in coronavirus infection (Table III) .
HnRNP A1 has been extensively studied for its role in viral RNA replication. Some reports showed that hnRNP A1 could bind the RNA of a mouse coronavirus (mouse hepatitis virus (MHV)) at the 3Ј-end of both plus and minus strands and modulate MHV RNA synthesis (21) (22) (23) . However, a recent work argued that hnRNP A1 might not be necessary for MHV viral genome replication or transcription in vivo because the absence of hnRNP A1 in infected cells had no effect on the production of infectious MHV (24) . In addition, another experiment revealed that a mouse erythroleukemia cell line, CB3, did not express hnRNP A1 but still supported MHV replication, whereas hnRNP A2/B1, hnRNP A/B, and hnRNP A3 could replace hnRNP A1 in cellular functions and viral infection (25) . In the present study, hnRNP A1 has been identified and quantitated by ICAT analysis based on doubly charged and both ICAT light reagent-and heavy reagent-labeled peptide K.YHTVNGHNCEVR.K, a typical trypsin-digested peptide fragmentized at the lysine or arginine carboxyl end, which is marked with the period (Supplemental Fig. 4 ) and shows up-regulated expression (E6:E6-V, 1:1.90) in SARS-CoV-infected cells (Table III) . The present work provides a new explanation for such controversial results on hnRNP A1, i.e. several different hnRNP factors in the infected cells may form a functional hnRNP complex participating in viral RNA metabolism in which one hnRNP factor can be substituted by another without disruption of the function of the hnRNP complex.
The viral genomic RNA of all positive-strand RNA viruses need to be translated by recruited host factors (26, 27) . A recent report showed that the decrease of 60 S ribosome protein levels reduced a positive-strand virus (Brome mosaic virus)-directed expression in yeast cells (27) . The quantitatively proteomic approaches used here revealed that about nine kinds of ribosomal proteins, including components of both 40 and 60 S ribosomal subunits, were up-regulated significantly (Table III and Supplemental Figs. [12] [13] [14] [15] [16] [17] [18] [19] [20] , suggesting that overall up-regulation of the ribosomal protein expression is required for positive-strand RNA virus propagation in host cells.
Translation factors have been well documented to participate in the processes of the virus RNA and protein synthesis (26, 28) . For example, the elongation factors EF-Tu and EF-Ts were found to bind tightly to the viral RNA-dependent RNA polymerase (29) . We also identified the up-regulation of EF-Tu expression in SARS-CoV-infected cells (Table III and Supplemental Fig. 21 ). Some studies showed that eukaryotic translation initiation factor eIF-4 protein complex is involved in viral protein synthesis (26) . On the other hand, the present studies revealed that the expression of eIF-1, eIF-5, and eIF-5A2 was increased in the infected cells, suggesting that these factors play a role in the process of SARS-CoV viral translation (Table  III and Supplemental Figs. 22-24) .
In summary, we present the first quantitative proteomic work on the cellular responses to SARS-CoV infection, establishing so far the most comprehensive differential proteomic index for SARS-CoV-infected cells. The identified differential profile derived from the infected cellular proteins gives the implications for the infectivity and pathogenesis of SARS-CoV and provides a valuable resource for diagnosis, drug development, and clinical treatment for SARS. * This work was supported by the National Key Basic Research Program. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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